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ABSTRACT 

Despi te  many minor changes i n  g u i d a n c e  and  t a r g e t i n g  
p a r a m e t e r s ,  t he  major  f e a t u r e s  o f  t h e  LN powered d e s c e n t  f o r  
t h e  l u n a r  l a n d i n g  m i s s i o n  have remained e s s e n t i a l l y  unchanged 
f o r  many yea r s .  A major  f e a t u r e  of t h i s  p r o f i l e  i s  t h e  
s h a l l o w  approach  p a t h  which p r o v i d e s  r e l a t i v e l y  low a l t i t u d e  
ra tes  d u r i n g  t h e  f i n a l  approach phase and r e l a t i v e l y  low 
r e d e s i g n a t i o n  de l ta -V c o s t s .  Two ve ry  u n d e s i r a b l e  f e a t u r e s  
of  t h e  s h a l l o w  approach  are t h e  narrow r a n g e  o f  l u n a r  l i g h t i n g  
c o n d i t i o n s  which p r o v i d e  a c c e p t a b l e  v i s i b i l i t y  and t h e  h i g h  
v e h i c l e  a t t i t u d e  s e n s i t i v i t y  t o  t h e  uprange t e r r a i n  p r o f i l e .  
T h i s  memorandum p a r a m e t r i c a l l y  examines a c l a s s  of  "s teep  d e s c e n t "  
t r a j e c t o r i e s  proposed  f o r  l u n a r  e x p l o r a t i o n  m i s s i o n s  f o r  which 
a c c e p t a b l e  p i l o t  v i s i b i l i t y  may be  r e q u i r e d  o v e r  a w i d e r  r ange  
o f  l i g h t i n g  c o n d i t i o n s  and for which the  l u n a r  approach  t e r r a i n  
w i l l  b e  more i r r e g u l a r  t h a n  f o r  t h e  f i r s t  l u n a r  l a n d i n g .  It i s  
shown t h a t  a s t e e p  d e s c e n t  t r a j e c t o r y  hav ing  a - 4 5 O  f l i g h t  pa th  
a n g l e  from h i g h  ga te  t o  low gate i n c u r s  a de l t a -V  p e n a l t y  o f  
abou t  280 f p s  as compared t o  t h e  p r e s e n t  p r o f i l e .  
l a n d i n g  radar upda te s  would b e g i n  about  16 n.m. uprange r a the r  
t h a n  30 n.m. and l a n d i n g  w i t h  s o l a r  e l e v a t i o n s  as h i g h  as 40° 
w i l l  r e s u l t  i n  no pho tomet r i c  washout .  (Washout o c c u r s  a t  a b o u t  
16O on t h e  p r e s e n t  p r o f i l e . )  

However, 

I n  a d d i t i o n  i t  i s  s u g g e s t e d  t h a t  t h e  delta-V p e n a l t y  
i n h e r e n t  i n  s t eep  d e s c e n t s  can b e  absorbed  by m o d i f i c a t i o n s  t o  
o t h e r  a s p e c t s  of t h e  d e s c e n t  p r o f i l e  such  as r educed  l u n a r  o r b i t  
a l t i t u d e ,  r educed  t h r o t t l e  down t i m e ,  and r educed  t i m e  i n  t h e  
f i n a l  approach  and l a n d i n g  phases .  I f  a l l  o f  these  m o d i f i c a t i o n s  
c a n  b e  implemented as sugges t ed ,  t h e  nominal  LM d e s c e n t  del ta-V 
budget  f o r  t h e  proposed  p r o f i l e  w i l l  be  a b o u t  200 f p s  less  t h a n  
t h a t  o f  the  p r e s e n t  p r o f i l e .  
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I I N T R O D U C T I O N  

Despi te  t h e  many minor  changes t h a t  have been  made 
i n  gu idance  mechan iza t ion ,  e n g i n e  o p e r a t i o n ,  and c e r t a i n  tra- 
j e c t o r y  p a r a m e t e r s ,  t h e  major f e a t u r e s  of  t h e  LM powered d e s c e n t  
t r a j e c t o r y  for t h e  l u n a r  l a n d i n g  m i s s i o n  have remained e s s e n t i a l l y  
unchanged for many years.  After i g n i t i o n  n e a r  p e r i l u n e  ( a t  a n  
a l t i t u d e  of 5 0 , 0 0 0  f e e t )  on t h e  Hohmann t r a n s f e r  o r b i t ,  a f u e l  
optimum p r o f i l e  i s  f lown t o  a n  a l t i t u d e  o f  abou t  9 , 6 0 0  f e e t .  
The major  r e d u c t i o n  i n  v e l o c i t y  takes  p lace  d u r i n g  t h i s  phase.  
The t e r m i n a l  t a r g e t  s t a t e  v e c t o r  f o r  t h e  b r a k i n g  phase  i s  known 
as "h igh  ga te" .  A t  h i g h  g a t e  t h e  LM i s  p i t c h e d  t o  a non-optimum 
a t t i t u d e  which w i l l  p r o v i d e  v i s i b i l i t y  of  t h e  p l anned  l a n d i n g  
s i t e  f o r  t h e  crew. The v e h i c l e  i s  t h e n  f lown i n  a n  a t t i t u d e  
d e s i g n e d  t o  p r o v i d e  adequate  v i s i b i l i t y  t h roughou t  t h i s  " f i n a l  
approach" phase t o  t he  "low ga te"  t a rge t  p o i n t .  The " l a n d i n g "  
phase f o l l o w s .  

One major  f e a t u r e  o f  t h e  p r e s e n t  p r o f i l e  i s  t h e  r e l a t i v e l y  
s h a l l o w  approach  p a t h ;  t h e  f l i g h t  p a t h  a n g l e  i n  t h e  f i n a l  
approach  (or v i s i b i l i t y )  phase has t r a d i t i o n a l l y  been  i n  t h e  
r a n g e  -15 t o  -18 d e g r e e s .  The advan tages  of  a s h a l l o w  approach  
a re  t h a t  t h e  a l t i t u d e  ra tes  d u r i n g  t h e  f i n a l  approach  phase 
are q u i t e  low and t h e  c o s t  o f  r e d e s i g n a t i o n  e a r l y  i n  t h i s  
phase i s  low 3ecause  t h e  t o t a l  v e l o c i t y  i s  h i g h .  One d i s a d v a n t a g e  
o f  a s h a l l o w  approach  i s  t h a t  t h e  l a n d i n g  radar becomes e f f e c t i v e  
a t  a l a r g e  d2iatance from touchdown; i f  t h e  a l t i t u d e  o f  t h e  up- 
r a n g e  t e r r a i n  i s  much d i f f e r e n t  from t h a t  a t  touchdown, t h e  
r e l a t i v e  a l t i t u d e  i n f o r m a t i o n  f ed  i n t o  t h e  gu idance  sys tem i s  
i n c o r r e c t .  I n  a d d i t i o n ,  i f  t h e  t e r r a i n  i s  rough,  t h e  p i t c h  
o s c i l l a t i o n s  r e s u l t i n g  from radar a l t i t u d e  u p d a t e s  may cause  
radar d r o p o u t .  I n  p a r t i c u l a r , t h e  long ,  low g l i d e  p a t h  d u r i n g  
t h e  f i n a l  approach  phase r e q u i r e s  a r e l a t i v e l y  long  ( o v e r  30 ,000  
f e e t ) ,  smooth approach  p a t h  t o  t h e  l u n a r  l a n d i n g  s i t e  i n  o r d e r  
t o  a v o i d  unwanted p i t c h  o s c i l l a t i o n s  d u r i n g  t h i s  v i s i b i l i t y  phase. 
A second major  d i sadvan tage  of  t h e  sha l low f i n a l  approach  i s  t h a t  
v i s i b i l i t y  i s  poor  e x c e p t  f o r  a ve ry  narrow r a n g e  of  l i g h t i n g  
c o n d i t i o n s .  For s o l a r  e l e v a t i o n s  above 12O, p h o t o m e t r i c  
s c e n e  washout becomes a c o n s t r a i n t  on t h e  m i s s i o n  ( R e f e r e n c e  5 ) .  
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T h i s  memorandum examines a c l a s s  of  LM d e s c e n t  p r o f i l e s  
which p o s s e s s  s h o r t ,  s teep  f i n a l  approach  p h a s e s .  They would 
c o n s i d e r a b l y  improve t h e  l u n a r  v i s i b i l i t y  c o n d i t i o n s  d u r i n g  t h e  
f i n a l  approach  phase and reduce r e q u i r e m e n t s  on t h e  t e r r a i n  uprange 
of  t h e  l a n d i n g  s i t e .  The p r o f i l e s  a r e  examined as c a n d i d a t e s  f o r  
l a n d i n g s  d u r i n g  Apollo l u n a r  e x p l o r a t i o n  m i s s i o n s ,  and t h e  LM 
v e h i c l e  models and i n i t i a l  CSM o r b i t  r e f l e c t  assumpt ions  c o n s i s t e n t  
w i t h  t h o s e  m i s s i o n s  (Reference  4 ) .  A CSM o r b i t a l  a l t i t u d e  of  50 ,000  
f e e t ,  a f i n a l  approach  phase  of abou t  1 2 0  seconds ,  and a t h r o t t l e  
down i n t e r v a l  p r i o r  t o  h i g h  ga te  o f  60 seconds  a r e  assumed. 

S e c t i o n  I1 deals w i t h  a se r ies  of t r a j e c t o r y  c a l c u l a t i o n s  
performed to e x p l o r e  t h e  e f f e c t s  o f  s t e e p e r  d e s c e n t s .  I n  these 
c a l c u l a t i o n s ,  t h e  f i n a l  approach phase  f l i g h t  p a t h  a n g l e  and look  
a n g l e  ( a n g l e  between t h e  LM t h r u s t  a x i s  and t h e  l i n e  of s i g h t  t o  
t h e  a i m  p o i n t )  were k e p t  c o n s t a n t .  T h i s  c o n s t r a i n s  t h e  v e h i c l e  
a c c e l e r a t i o n  v e c t o r  ( p i t c h  ang le  and t h r u s t  a c c e l e r a t i o n  magni tude)  
t o  be  c o n s t a n t  a l s o .  Time of f l i g h t  and f l i g h t  p a t h  a n g l e  i n  t h e  
f i n a l  approach  phase  ( f rom high g a t e  to low g a t e )  were v a r i e d  t o  
p a r a m e t r i c a l l y  de t e rmine  t h e  del ta-V c o s t s  and t h e  r e q u i r e d  h i g h  
gate  a l t i t u d e s  f o r  a c l a s s  of s teep  d e s c e n t  p r o f i l e s .  

S i n c e  t h e  proposed  p r o f i l e  f o r  l u n a r  e x p l o r a t i o n  d i f f e r s  
from t h e  s t a n d a r d  i n  many r e s p e c t s  o t h e r  t h a n  f i n a l  approach  f l i g h t  
p a t h  a n g l e ,  a f u r t h e r  se r ies  o f  t r a j e c t o r y  s i m u l a t i o n s  was made 
i n  which t h e  e f f e c t s  on t h e  descen t  del ta-V o f  i n d i v i d u a l ,  d i s c r e t e  
changes i n  a number of t h e  descen t  parameters such  as t h r o t t l e  down 
t i m e ,  o r b i t  a l t i t u d e ,  e t c . ,  were de t e rmined .  The purpose  was t o  
e v a l u a t e  t h e  de l ta -V c o s t  of  each  Of  t h e  t r a j e c t o r y  changes 
i n  go ing  from a s t a n d a r d  - t r a j e c t o r y  to t h e  proposed s t e e p  d e s c e n t  
t r a j e c t o r y .  These s e n s i t i v i t i e s  a r e  r e p o r t e d  i n  S e c t i b n  111. 

I n  S e c t i o n  I V ,  t h e  p a r a m e t r i c  r e s u l t s  of S e c t i o n s  I1 and 1 x 1  
are  used to s y n t h e s i z e  a p a r t i c u l a r  s t e e p  d e s c e n t  t a r g e t i n g  which i s  
t h e n  compared w i t h  a s t a n d a r d  Apollo powered d e s c e n t  t r a j e c t o r y  
(Refe rence  1). 

I1 PARAMETRIC STUDY OF STEEP DESCENTS 

The s t e e p  d e s c e n t  t r a j e c t o r i e s  examined a r e  c h a r a c t e r i z e d  
by hav ing  e s s e n t i a l l y  c o n s t a n t  f l i g h t  p a t h  a n g l e s  and c o n s t a n t  
l ook  a n g l e s  t o  t h e  hover  a i m  p o i n t  i n  t h e  f i n a l  approach phase.  
The f i n a l  approach  geometry i s  i l l u s t r a t e d  i n  F i g u r e  1. The hover  
a i m  c o n d i t i o n  was chosen t o  b e :  a l t i t u d e  50 f e e t ,  h o r i z o n t a l  
v e l o c i t y  and v e r t i c a l  v e l o c i t y  z e r o .  No c o n s t r a i n t  was p l a c e d  on 
t h e  LM a t t i t u d e  a t  t h e  a i m  p o i n t .  F o r  c o n s t a n t  f l i g h t  p a t h  a n g l e  
and c o n s t a n t  l o o k  a n g l e ,  t h e  t h r u s t  a c c e l e r a t i o n  v e c t o r  must a l s o  
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b e  c o n s t a n t  ( f o r  a f l a t ,  n o n - r o t a t i n g  moon a p p r o x i m a t i o n ) .  
Thus,  f o r  a g i v e n  f l i g h t  p a t h  a n g l e  and t i m e  o f  f l i g h t  i n  t h e  
f i n a l  approach  phase, h i g h  g a t e  s t a r t i n g  c o n d i t i o n s  ( a l t i t u d e ,  
r ange  and v e l o c i t y )  can  b e  e a s i l y  computed by s i m p l e  q u a d r a t u r e ,  
as shown on F i g u r e  1 and d e s c r i b e d  below. 

Because t h e  f l i g h t  p a t h  from h i g h  gate  t o  low gate  must 
b e  r e c t i l i n e a r ,  t h e  f o r c e s  o r t h o g o n a l  t o  t h e  f l i g h t  p a t h  must 
b e  n u l l ;  t h e  r e q u i r e d  t h r u s t  a c c e l e r a t i o n  p r o f i l e  i s  t h e n  c a l -  
c u l a t e d  as 

T/M s i n  X = g cos  Y ,  o r  

T/M = at = g cos  y / s i n  A .  

where 

T = v e h i c l e  t h r u s t  p r o f i l e  
M = v e h i c l e  mass as a f u n c t i o n  of t i m e  
at = v e h i c l e  t h r u s t  a c c e l e r a t i o n  ( c o n s t a n t )  
g = l u n a r  g rav i ty  
y = f l i g h t  p a t h  a n g l e  measured n e g a t i v e  down 

X = l o o k  a n g l e  from n e g a t i v e  x -ax i s  ( t h r u s t  a x i s )  
from t h e  l o c a l  h o r i z o n t a l  ( c o n s t a n t )  

t o  hover  a i m  p o i n t  ( c o n s t a n t )  

The a c c e l e r a t i o n  a l o n g  t h e  f l i g h t  p a t h  i s  a l s o  c o n s t a n t  and i s  
c a l c u l a t e d  as 

0 = -g s i n  y - T/M cos A .  

The h i g h  g a t e  v e l o c i t y  i s  

f ’  vo = -0 t 

where t f  = des i r ed  f l i g h t  t i m e  from h i g h  g a t e  t o  low g a t e .  

The components o f  h igh  g a t e  v e l o c i t y ,  Ro or r a n g e  r a t e  and ho 

or a l t i t u d e  r a t e ,  are  

Ro = Vo cos  y ,  and 

h =  
0 

V s i n  y .  
0 
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The r e c t i l i n e a r  d i s t a n c e  f r o m  h i g h  g a t e  t o  low g a t e  i s  c a l c u l a t e d  
as the  second i n t e g r a l  o f  a c c e l e r a t i o n ,  

2 
f '  so = -1/2 Qt 

The r ange  and a l t i t u d e  of h igh  g a t e  can t h e n  b e  de t e rmined  as 

Ro = So cos y ,  and 

ho = - S o  s i n  Y + h f .  

where hf  = a l t i t u d e  o f  low g a t e  = 50 f t .  

Ro, ho,  Ro' and ho t h e n  comple te ly  s p e c i f y  t h e  h i g h  g a t e  t a r g e t  
c o n d i t i o n s  as a f u n c t i o n  o f  low gate t a r g e t s ,  t i m e  o f  f l i g h t ,  
f l i g h t  p a t h  a n g l e ,  and l o o k  a n g l e .  

To d e t e r m i n e  t h e  t o t a l  del ta-V r e q u i r e m e n t s  for t h e  
complete  d e s c e n t  from pa rk ing  o r b i t  t o  touchdown, t o g e t h e r  w i t h  
t h e  f l i g h t  p r o f i l e  and o t h e r  r e l e v a n t  da ta ,  t r a j e c t o r y  s i m u l a t i o n s  
were made u s i n g  t h e  t a r g e t i n g  mode of  t h e  Bellcomm Apol lo  S i m u l a t i o n  
Program (BCMASP) f o r  each of t h e  h i g h  ga t e  c o n d i t i o n s  of  Table  I .  
The t i m e  i n  t h e  f i n a l  approach phase was v a r i e d  from 60 seconds  
t o  1 2 0  seconds  f o r  f l i g h t  p a t h  a n g l e s  r a n g i n g  from -10' t o  -45". 
The LM was assumed t o  s t a r t  from a 50,000 f o o t  c i r c u l a r  o r b i t  
( R e f e r e n c e  4 ) .  The s t a r t i n g  weight of  t h e  LM was assumed t o  be  
33,600 l b s .  ( e x c l u d i n g  crew and t r a n s f e r r e d  equ ipmen t ) .  T h r o t t l e  
r e c o v e r y  was ach ieved  60 seconds b e f o r e  h igh  g a t e  (assumes a DPS 
t h r o t t l i n g  c a p a b i l i t y  abou t  t h e  F T P ) .  D i s c r e t e  t r a n s i t i o n  phases  
a t  h igh  ga te  and hover  were no t  i n c l u d e d .  The look a n g l e  ( t h e  
a n g l e  between t h e  l i n e  of s i g h t  t o  t h e  hove r  aim p o i n t  and t h e  
n e g a t i v e  x -ax i s  as shown on F i g u r e  1) was 35 degrees f o r  t hese  
s i m u l a t i o n s .  S i n c e  t h e  bottom of  t h e  LM window o c c l u d e s  viewing 
w i t h i n  25 degrees of t h e  n e g a t i v e  x - a x i s ,  t h e  a i m  p o i n t  w i l l  appear 
1 0  d e g r e e s  above t h e  window bot tom a t  t h e  s t a r t  o f  f i n a l  approach ,  
w i t h  loss o f  v i s i b i l i t y  of  t h e  touchdown p o i n t  t y p i c a l l y  o c c u r r i n g  
a b o u t  30 sc2conds b e f o r e  touchdown. T h i s  a n g l e  between the  window 
bot tom and t h e  l i n e  of  s i g h t  t o  t h e  a i m  p o i n t  i s  referred t o  as 
t h e  v i s i b i l i t y  a n g l e .  

The a l t i t u d e  a t  high ga te  and t h e  t o t a l  de l t a -V  are  
shown i n  F i g u r e  2 as a f u n c t i o n  o f  f l i g h t  p a t h  a n g l e  and f l i g h t  
t i m e  i n  t h e  f i n a l  approach  p h a s e .  
t h a t  s t e e p  d e s c e n t  t r a j e c t o r i e s  have h i g h e r  delta-V r e q u i r e m e n t s .  
I n c r e a s i n g  t h e  f l i g h t  p a t h  ang le  from -15O t o  -45' r a i ses  delta-V 
r e q u i r e m e n t s  b y  abou t  280 f p s  f o r  a f i n a l  approach  phase of 1 2 0  
seconds  d u r a t i o n .  It i s  a l so  s e e n  tha t  h i g h  g a t e  a l t i t u d e  maximizes 

From t h i s  f i g u r e  i t  i s  a p p a r e n t  
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a t  a f l i g h t  p a t h  a n g l e  of about  - 2 8 O  f o r  a l l  f l i g h t  times 
c o n s i d e r e d .  

I11 SENSITIVITIES TO DESCENT PARAMETER CHANGES 

I n  o r d e r  t o  d e s i g n  a l u n a r  e x p l o r a t i o n  LM d e s c e n t  p r o f i l e  
which accommodates a s t e e p  d e s c e n t  f i n a l  approach  phase  w i t h  
de l t a -V  r e q u i r e m e n t s  e q u a l  t o  or l ess  t h a n  c u r r e n t  r e q u i r e m e n t s ,  
i t  i s  n e c e s s a r y  t o  unde r s t and  how much each  t r a j e c t o r y  p a r a m e t e r  
i s  r e s p o n s i b l e  f o r  c o n t r i b u t i o n s  t o  t h e  t o t a l  delta-V r e q u i r e m e n t s .  
To a i d  i n  t h i s  u n d e r s t a n d i n g  a s e r i e s  of  BCMASP d e s c e n t  s i m u l a t i o n s  
was made i n  which one parameter  was a l t e r ed  i n  each  r u n  t o  p r o g r e s s  
from a r e f e r e n c e  t r a j e c t o r y  (similar t o  t h a t  c o n t a i n e d  i n  
Reference  1) t o  the s teep  d e s c e n t  t r a j e c t o r i e s .  Fo r  comple t eness ,  
t h e  r e g r e s s i o n  from t h i s  r e f e r e n c e  t r a j e c t o r y  t o  a p r e v i o u s  
r e f e r e n c e  t r a j e c t o r y  ( s i m i l a r  t o  t h a t  c o n t a i n e d  i n  Refe rence  2 )  
was a l s o  made on a n  i t e m - b y - i t e m  basis .  The r e s u l t s  are  shown i n  
T a b l e  11. The inc remen t  i n  de l ta -V (6 ( A V ) )  shown f o r  each  c a s e  
i s  from t h e  a d j a c e n t  r u n  i n  t h e  se r ies ,  r e a d i n g  up and down from 
t h e  r e f e r e n c e  t r a j e c t o r y . *  It i s  s e e n  t h a t  t h e  s teep  d e s c e n t  
" c o s t s "  a lmos t  200  f p s  f o r  a 3 5 O  f l i g h t  p a t h  a n g l e ,  t h a t  t h e  
5 0 , 0 0 0  f o o t  i n i t i a l  o r b i t  s a v e s  140 f p s ,  and  t h a t  r e d u c i n g  t h e  
t h r o t t l e  down t i m e  p r i o r  t o  h igh  g a t e  by 60 seconds  s a v e s  abou t  
50 f p s .  The l a t t e r  s a v i n g  p robab ly  r e q u i r e s  improved n a v i g a t i o n  
p r i o r  t o  h i g h  g a t e  o r  some eng ine  t h r o t t l i n g  c a p a b i l i t y  abou t  t h e  
f i x e d  t h r o t t l e  p o i n t .  The combined e f f e c t  o f  a l o o  v i s i b i l i t y  
a n g l e  above  the  LM window bottom and a 2 minute  f i n a l  approach  
phase r e s u l t s  i n  a p o t e n t i a l  s a v i n g  i n  e x c e s s  o f  220  f p s .  

I V  COMPARISON WITH STANDARD APOLLO LM DESCENT 

Based on the  p a r a m e t r i c  a n a l y s i s  of S e c t i o n s  I1 and 111, 
a s i n g l e  s t e e p  d e s c e n t  p r o f i l e  was chosen  f o r  de t a i l ed  a n a l y s i s  
and comparison w i t h  a n  e x i s t i n g  Apol lo  r e f e r e n c e  p r o f i l e  as 
d e s c r i b e d  i n  Reference  1. The major  c h a r a c t e r i s t i c s  of  these  
t r a j e c t o r i e s  are  set  o u t  be low.  

Parameter Apollo P r o f i l e  
(Ref 1) 

A l t i t u d e  of  CSM o r b i t  60 n.m. 
I n i t i a t i o n  o f  powered 

Nominal t h r o t t l e  down 
d e s c e n t  50 ,000  f t .  

p e r i o d  p r i o r  t o  h i g h  
g a t e  117  s e c .  

Proposed S t e e p  
P r o f i l e  

5 0 , 0 0 0  f t .  

50 ,000  f t .  

60 sec.  

*The numbers shown i n  T a b l e  I1 f o r  t h e  r e f e r e n c e  t r a j e c t o r y  are  
from t h e  BCMASP s i m u l a t i o n ,  u s i n g  h i g h  gate 'a im c o n d i t i o n s  and 
f i n a l  approach  c h a r a c t e r i s t i c s  from Refe rence  1. 
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Parameter Apollo P r o f i l e  
(Ref 1) 

Proposed S t e e p  
P r o f i l e  

Range o f  h i g h  g a t e  32,500 f t .  6,833 f t .  
F l i g h t  p a t h  d u r i n g  f i n a l  

A l t i t u d e  o f  h i g h  g a t e  9,650 f t .  6,935 f t .  
P e r i o d  s i t e  i s  v i s i b l e  150 s e c .  90  s e c .  
V i s i b i l i t y  a n g l e  7-23' 10' 
Nominal de l t a -V  requ i r emen t  6 6 1 1  f p s  6428 f p s  

approach  phase  $-16' -45' 

Detailed comparison p l o t s  o f  r a n g e ,  a l t i t u d e ,  a l t i t u d e  
r a t e ,  f l i g h t  p a t h  a n g l e ,  p i t c h  a n g l e ,  and t h r u s t  as a f u n c t i o n  
of  t i m e  from i g n i t i o n  t o  h igh  gate  a re  shown i n  F i g u r e s  3a t h r o u g h  
3 f .  The b r a k i n g  phase  f o r  t h e  s t e e p  d e s c e n t  p r o f i l e  e x t e n d s  
1 7  seconds  l o n g e r  t h a n  f o r  t h e  r e f e r e n c e  p r o f i l e  ( d e s p i t e  
i n i t i a t i o n  from a 50,000 f o o t  c i r c u l a r  o r b i t )  because  o f  t h e  
r educed  a l t i t u d e  and v e l o c i t y  a t  h i g h  g a t e .  F i g u r e  3b i n d i c a t e s  
t h a t  i f  l a n d i n g  radar upda t ing  i s  assumed t o  b e g i n  a t  a n  a l t i t u d e  
o f  25,000 f e e t ,  i t  would occur  a t  about  325 seconds  a f t e r  i g n i t i o n  
on t h e  r e f e r e n c e  p r o f i l e  and 375 seconds  on t h e  proposed  s t e e p  
d e s c e n t  p r o f i l e .  F i g u r e  3a t h e n  shows t h a t  t h e  range-to-go a t  
which u p d a t i n g  b e g i n s  i s  reduced  from 30 miles  t o  abou t  1 6  miles  
uprange .  The advan tages  i n  terms of  "smoothness" c o n s t r a i n t s  on 
t h e  uprange t e r r a i n  are a p p a r e n t .  The t h r o t t l e  down p o i n t  on t h e  
s t e e p  t r a j e c t o r y  o c c u r s  about  60 seconds  p r i o r  t o  h i g h  g a t e  
( F i g u r e  3 f )  as opposed t o  117  seconds  on t h e  r e f e r e n c e .  
o u t  i n  S e c t i o n  111, abou t  50 f p s  are t h e r e b y  saved  b u t  a Descent  
P r o p u l s i o n  System m o d i f i c a t i o n  t o  p e r m i t  l i m i t e d  t h r o t t l i n g  abou t  
t h e  f i x e d  t h r o t t l e  p o i n t  i s  probably  r e q u i r e d  t o  r e a l i z e  t h i s  
e f f i c i e n c y .  

A s  p o i n t e d  

I n d i v i d u a l  t r a j e c t o r y  p a r a m e t e r s  as a f u n c t i o n  of  t i m e  
t o  go t o  l a n d i n g  f o r  t h e  f i n a l  approach  and l a n d i n g  p h a s e s  a re  
compared on F i g u r e s  4a through 4 i .  S i n c e  t h e  s t e e p  d e s c e n t  
s i m u l a t i o n  c o n t a i n e d  no t r a n s i t i o n  phase  a t  h i g h  g a t e ,  i t s  t h r u s t  
and a n g u l a r  p a r a m e t e r s  w i l l ,  i n  g e n e r a l ,  b e  d i s c o n t i n u o u s  between 
F i g u r e s  3 and 4 .  A s  shown on F i g u r e  4c, t h e  r a t e  o f  d e s c e n t  i s  
abou t  50% g r e a t e r  on t h e  proposed p r o f i l e .  F i g u r e  4e shows t h e  
c o n s t a n t  ( - 4 5 O )  f l i g h t  p a t h  a n g l e  on t h e  proposed  p r o f i l e .  The 
p i t c h  a t t i t u d e  a l s o  remains  n e a r l y  c o n s t a n t  on t h e  proposed  p r o f i l e  
( F i g u r e  4g) .  F i g u r e  4 f  i l l u s t r a t e s  t h e  v a r i a t i o n  of  look a n g l e  
t o  t h e  l a n d i n g  s i t e  and v i s i b i l i t y  a n g l e  on t h e s e  t r a j e c t o r i e s .  
The r e f e r e n c e  p r o f i l e  has a v i s i b i l i t y  a n g l e  (marg in  o f  l o o k  a n g l e  
above LM window bot tom)  o f  about 7' a t  h i g h  g a t e  growing a lmos t  
l i n e a r l y  t o  23' a t  low g a t e  w i t h  dropout  a t  about  1 0  seconds  
b e f o r e  touchdown. The s t e e p  d e s c e n t  p r o f i l e  i n i t i a l l y  h a s  a 
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v i s i b i l i t y  a n g l e  of 10"; dropout  o c c u r s  a t  a b o u t  30 seconds  
b e f o r e  touchdown. 
150 seconds  o f  v i s i b i l i t y ,  t h i s  s t e e p  d e s c e n t  h a s  b u t  90  seconds  
and t h e  margin  f o r  p i t c h  o s c i l l a t i o n s  i s  c o n s i d e r a b l y  r educed .  
Higher  margins  on t h e  v i s i b i l i t y  a n g l e  can  b e  had a t  a delta-V 
p e n a l t y .  
from 10" t o  15" c o s t s  abou t  55 f p s .  
a n g l e  from t h e  l o c a l  h o r i z o n t a l  t o  t h e  l a n d i n g  s i t e ,  which i s  
t r a d i t i o n a l l y  used  i n  v i s i b i l i t y  s t u d i e s  s u c h  as Refe rence  4 can  
be  c a l c u l a t e d  as 

Thus while t h e  r e f e r e n c e  p r o f i l e  has abou t  

A s  i n d i c a t e d  on Table  11, i n c r e a s i n g  v i s i b i l i t y  a n g l e  
The v iewing  a n g l e ,  t h e  

V i e w  Angle = 90" - Look Angle - P i t c h  Angle 

S i n c e  t h e  look  a n g l e  o f  F i g u r e  4 f  i s  c a l c u l a t e d  w i t h  r e s p e c t  to 
t h e  l a n d i n g  s i t e  ( F i g u r e  1 uses t h e  hove r  a i m  p o i n t ) ,  v iewing 
a n g l e  can  be c a l c u l a t e d  d i r e c t l y  from F i g u r e s  4 f  and 4g. The 
resu.l ts ,  shown on F i g u r e  4h, c l e a r l y  i l l u s t r a t e  t h e  advan tages  
o f  t h e  s t e e p  d e s c e n t  r e l a t i v e  t o  i n c r e a s e d  v iewing  a n g l e .  Photo- 
m e t r i c  s c e n e  washout would b e  avo ided  f o r  s o l a r  e l e v a t i o n s  as 
h i g h  a t  40";  t h e  r ange  o f  a c c e p t a b l e  s o l a r  e l e v a t i o n s  i s  e f f e c t i v e l y  
l i m i t e d  o n l y  by t h e  requi rement  f o r  shadowing as a means o f  
o b s t a c l e  d e t e c t i o n .  

( f rom F i g u r e  1) 

Another advan tage  a c c r u e s  t o  t h e  s t e e p  d e s c e n t  p r o f i l e  
i f  l u n a r  l a n d i n g s  i n t o  t h e  sun are c o n s i d e r e d  f o r  l u n a r  e x p l o r a -  
t i o n  m i s s i o n s .  
s o u r c e  for l a n d i n g s  a g a i n s t  t h e  s u n  i s  d a z z l e  from s u n l i g h t  d i r e c t l y  
i n  t h e  p i l o t ' s  eyes r a t h e r  t h a n  s c a t t e r e d  l i g h t  from t h e  LM 
windows. S i n c e  s teep descen t  p r o f i l e s  have  smaller  p i t c h  a n g l e s  
(measured from t h e  l o c a l  v e r t i c a l l c o m p a r e d  t o  t h e  p r e s e n t  p r o f i l e ,  
s t r u c t u r a l  b l o c k i n g  o f  t h e  sun from t h e  p i l o t ' s  eyes o c c u r s  o v e r  
a b r o a d e r  r ange  of s u n  a n g l e s .  
a n g l e s  o f  l o o ,  which are  t y p i c a l  o f  s t e e p  d e s c e n t  p r o f i l e s ,  have 
e x c e l l e n t  v i s i b i l i t y  c o n d i t i o n s  f o r  sun  e l e v a t i o n s  as low as 30" 
from t h e  forward  h o r i z o n .  By way o f  c o n t r a s t ,  a n  approach  p a t h  
s imilar  t o  t h a t  of Reference 1 e n c o u n t e r s  s e r i o u s  d a z z l e  problems 
a t  s u n  e l e v a t i o n s  of 6 0 0  f r o m  t h e  forward  h o r i z o n .  S i n c e  scene  
c o n t r a s t  i s  h i g h e r  a t  t h e  l o w e r  e l e v a t i o n s  and l u n a r  s u r f a c e  
thermal c o n d i t i o n s  are  more f a v o r a b l e ,  l a n d i n g  a t  t h e  lower e l e v a t i o n s  
r e s u l t s  i n  an  easier  mis s ion .  Hence, t h e  s t e e p  d e s c e n t  p r o f i l e  
enhances  t h e  p o s s i b i l i t y  o f  a m i s s i o n  o p p o r t u n l t y  w i t h  a l a n d i n g  
i n t o  t h e  sun  e i t h e r  as a means t o  improve t h e  v i s i b i l i t y  a t  t h e  
s i t e  or t o  expand t h e  number o f  days i n  t h e  monthly l aunch  o p p o r t u n i t y .  

F i g u r e  5 i n d i c a t e s  t h e  deg ree  t o  which c o n s t r a i n t s  
imposed on e a r l y  l u n a r  l and ing  m i s s i o n s  ( R e f e r e n c e  3)  a r e  v i o l a t e d  
by t h e  proposed  l u n a r  e x p l o r a t i o n ,  s t e e p  d e s c e n t  p r o f i l e .  
x o u l d  be  expec ted ,  t h e  a l t i t u d e  and a l t i t u d e  r a t e  as a f u n c t i o n  of 
r a n g e  to go g r e a t l y  exceed t h e  r e f e r e n c e d  c c n s t r a i n t s .  

A s  i n d i c a t e d  i n  Refecence 6 ,  t h e  p r i m a r y  g l a re  

Refe rence  6 shows t h a t  p i t c h  

A s  
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After per forming  a p a r a m e t r i c  s t u d y  o f  s t e e p - d e s c e n t  
t r a j e c t o r i e s ,  a r e f e r e n c e  p r o f i l e  has been chosen  which has a 
- 4 5 O  f l i g h t  p a t h  a n g l e  from h igh  g a t e  t o  hover  and a h i g h  g a t e  
a l t i t u d e  o f  about  7000  f e e t .  The r e s u l t i n g  f l i g h t  t i m e  from 
h i g h  g a t e  t o  hover  i s  1 1 0  seconds w i t h  a p i t c h  a n g l e  o f  10'. T h i s  
p r o f i l e  s a t i s f i e s  fol low-on l u n a r  m i s s i o n  o b j e c t i v e s  i n  t h a t  it 
has  a s h o r t  r ange  from h i g h  g a t e  t o  touchdown and w i l l  r e s u l t  i n  
c o n s i d e r a b l y  improved s c e n e  c o n t r a s t  d u r i n g  t h e  f i n a l  approach  
phase .  The reduced  h i g h  g a t e  r a n g e  ( 7 0 0 0  f e e t  c o n t r a s t e d  t o  t h e  
32,500 f e e t  i n  a s t a n d a r d  Apollo p r o f i l e )  r e d u c e s  t h e  t e r r a i n  
r e q u i r e m e n t s  on t h e  l a n d i n g  s i t e  approach;  t h e  roughe r  uprange  
t e r r a i n  e x p e c t e d  f o r  l u n a r  e x p l o r a t i o n  s i t e s  can  be  more e a s i l y  
accommodated w i t h o u t  e x c e s s i v e  p i t c h  o s c i l l a t i o n s  d u r i n g  t h e  f i n a l  
approach  or v i s i b i l i t y  phase .  

The proposed  s teep  d e s c e n t  p r o f i l e  has nominal  del ta-V 
r e q u i r e m e n t s  o f  6428  f p s  as c o n t r a s t e d  w i t h  6611 f p s  f o r  t h e  
s t a n d a r d  Apollo p r o f i l e .  S t eep  d e s c e n t  t r a j e c t o r i e s  i n h e r e n t l y  
i n c u r  a de l ta -V p e n a l t y  because t h e y  have  h i g h e r  g r a v i t y  l o s s e s  
d u r i n g  t h e  f i n a l  approach  phase .  A - 4 5 O  f l i g h t  p a t h  d u r i n g  t h i s  
phase  c o s t s  about  280 f p s  more t h a n  t h e  s t a n d a r d  p r o f i l e ,  b u t  
proposed  m o d i f i c a t i o n s  t o  t h e  p r o f i l e  can compensate f o r  t h i s  
p e n a l t y .  The proposed r e d u c t i o n s  come about  because  o f  a 50,000 
f o o t  CSM p a r k i n g  o r b i t  ( %  1 4 0  f p s ) ,  r educed  nominal  t h r o t t l e  down 
t i m e  ( Q  50 f p s ) ,  reduced  v i s i b i l i t y  t i m e  ( Q  70  f p s ) ,  and r educed  
margins on t h e  look  a n g l e  ( Q  1 6 0  f p s ) .  The l a t t e r  r e d u c t i o n  
p laces  i n c r e a s e d  emphasis on c o n t r o l l i n g  LM p i t c h  a t t i t u d e  d u r i n g  
t h e  f i n a l  approach  phase .  Then, w h i l e  s t e e p  d e s c e n t  t r a j e c t o r i e s  
a re  i n h e r e n t l y  more expens ive  t h a n  t h o s e  w i t h  a s h a l l o w  approach ,  
a p r o f i l e  w i t h  reduced  de l ta -V r e q u i r e m e n t s  can be s y n t h e s i z e d  by 
a d j u s t m e n t s  i n  o t h e r  pa rame te r s .  

2013-vsM-cj~ FH 

V. S .  Mummert 

A t  t a c hme n t s 
Refe rences  
T a b l e s  I and I1 
F i g u r e s  1 th rough  5e 
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